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ABSTRACT
An initial investigation of soil liquefaction sites from the July, 28 1976 Tangshan M7.8 earthquake was conducted between 1976 and 1978
by the National Ministry of Railways, China. These data are the basis of the ‘Chinese Method’ for assessment of liquefaction potential of
silty-sand deposits, and are an important component of the worldwide data set for modern probabilistic methods for assessment of soil
liquefaction using Bayesian updating and system reliability tools.
We revisited 26 sites identified in the maps and published 198 report of the Ministry of Railways in order to investigate these locations with
a suite of active- and passive-array surface wave methods. These sites are clustered along the north coast of the Bo Hai Sea in three areas:
Lutai, Tianjin; Tangshan City and outlying village, Hebei; and Luannan county, Hebei. First, we gathered and evaluated the Rayleigh wave
dispersion characteristics of the ground by comparing dispersion curves from the active source harmonic wave-spectral analysis of surface
waves (SASW) method and the passive array Spatial Auto-Correlation method (SPAC). The dispersive properties of the liquefied ground as
measured by these two methods were found to be almost identical. These tests were hybridized and the data sets merged in order to invert
of shear wave velocities for analysis of liquefaction potential using a probabilistic framework. The data from high-values of seismic
intensity near Tangshan city to low-intensities distant of the event in Luannan County segregate out into clusters of liquefied and non
liquefied points clearly separated by liquefaction boundary curves developed from a large global data set of 310 sites.
INTRODUCTION
This paper describes an ongoing project to providing critical
information on the relation between shear wave velocity
characteristics of the ground and potential for soil liquefaction in
an urban setting. The liquefaction sites of the Tangshan M8
earthquake of 1976 provide an unusual data set of a large suite of
ground failure sites that have experienced a great M8 event in
close-proximity to a major urban-center in the era of modern
geotechnical field-investigation and instrumental recording.
Here, we are investigating Tangshan sites that experienced
shaking-intensity and duration levels greater than nearly all
liquefaction sites observed in the western USA during the past
century. The objective of the Tangshan study is to assess the
geotechnical-properties of soil that transition into a liquefied state
under high-to-unusually high levels of earthquake shaking.

who were present during the testing in discussions to identify the
exact locations of the testing performed by the National Ministry
of Railroads in 1976 and 1977. At 26 of the sites, the available
reports were corroborated with the observations of the villagers
who, sometimes after a lively discussion, walked the team to the
test sites from nearly three decades past. At these locations our
surface wave test sites reoccupied the penetration sites reported
of Zhou and Zhang (1979). At nearly all of the sites, the senior
villagers had strong memories of the field-testing of the National
Ministry of Railroads in 1976-1978 following the earthquake
(Figure 1).

CHINA FIELD INVESTIGATION
A rich catalog of liquefaction sites triggered during the largest
historic earthquake in China during the last century are found in
the cities of Tangshan, Fengnan and the villages of Luannan in
Hebei Province, and the city of Lutai in Tiensin Province. In this
investigation, we identified a target list of 37 liquefaction sites
that have previously been tested with SPT or CPT apparatus
(Zhou and Zhang, 1979), most of which are in outlying villages
surrounding Tangshan. In the field, we visited these village sites
and the team members from the China Earthquake
Administration (CEA), Institute of Engineering Mechanics
(IEM) used reports and maps to engaged the local senior citizens
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Figure 1. Original field map from the report of Zhou and Zhang
(1979) showing test sites in Tangshan and Luannan County.

Figure 3. Surface wave test sites plotted on the original map of
Zhou and Zhang (1979).
After the Tangshan Earthquake, The National Ministry of
Railroads collected borehole samples for lithologic description
water content, bulk density, textural analysis, standard
penetration test data, and cone penetration test data. After proper
location of these test sites we logged the sites with GPS and
conducted SPAC and SASW surface wave tests.
For example, Lutai City, located 48 km southwest of Tangshan
was severely shaken and was the focus of MMI intensity IX
anomaly within an area of intensity of VIII. From the Ninghe
county government report on the earthquake, 87% of the
industrial and civil buildings were heavily damaged or collapsed.
The liquefaction of ground was a major contributor to this
damage resulting in large scale settlements in our test area From
November 1976 to May 1977, the National Monistry of
Railroads conducted a SPT and CPT geotechnical investigation
of Lutai city soil for liquefaction assessment. At Lutai city we
used SASW and SPAC to test 2 liquefied sites and 2 sites
identified as not having liquefied during the earthquake.

Figure 2. Seismic-liquefaction and ground failure evaluation
sites tested at 26 Tangshan and Tianjin, China locations by the
CEA and USGS. Each test site was co-located with geotechnical
logs of Zhou and Zhang (1979).

The sites shown in Figure 2 are the CEA-USGS test locations.
Four of the test sites are located in Lutai City in Tiensin at sandy
silt sites: these sites were located with an excellent map from the
Lutai sites 1-4 of Zhou and Zhang, 1979. Four sites are located
in rural villages of Luannan County (Sites 19, 21, 22, 23 of Zhou
and Zhang, 1979), and two sites are located 0ff the highway
between Tangshan and Luannnan (Sites 15 and 16 of Zhou and
Zhang, 1979) the remaining sites are located in the city and
surrounding villages of Tangshan city and Fengnan.
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COMPARISON OF ACTIVE AND PASSIVE ARRAY
DISPERSION CURVES
The team made on-site measurements, using two distinct
methods (1) a controlled sine wave source and the spectral
analysis of surface waves (SASW) method, and (2) the ambient
vibration spatial autocorrelation (SPAC) method:

SPECTRAL ANALYSIS OF SURFACE WAVES
The SASW method of testing is a portable, inexpensive, and
efficient means of non-invasively estimating the stiffness
properties of the upper 100 meters of the ground. Prior to the
development of non-invasive surface wave methods, shear waves
were measured in cased boreholes in rock or by penetration tests,
both costly methods, using a conventional travel-time approach.
For all of the data set we studied in Tangshan states the
penetration method was also successfully used and these data
served as our guide. Unlike penetration test apparatus, the surface
2

wave systems are highly portable allowing us to measure in
remote locations.
The SASW surface wave testing system consists of 1-Hz
seismometers, a low frequency spectrum analyzer, a computercontrolled electro-mechanical harmonic-wave source (shaker)
and amplifier, cables and approximately 4.0kW of total electrical
output from a generator made available by the CEA. The 1-Hz
Kinemetrics receivers are designed for capturing vertical motions
and cover the frequency range of interest in the active-source
surface-wave test. The spectrum analyzer produces a sine wave
signal that is amplified to 1000 Watts and drives an electromechanical shaker. The shaker receives the input waveform and
oscillates the groud in a vertical harmonic motion. The receivers
record the waves produced by the shakers and a fast Fourier
transform (FFT) is performed on each of the two receiver signals,
per directional array. From each time gather, the linear spectra
and cross power spectra of the records are computed as:

wave-dispersion characteristics of the ground. Spacing of the
receivers is stepped geometrically from 1 meter to 64 meters to
capture dispersion curves of different frequencies and
wavelengths. This approach is a modification of the continuous
sine wave source SASW test (CSS-SASW) presented by Kayen
and others (2004).

(1)
where S (f ) = cross-spectrum of the linear spectra X(t) and Y(t).
The function X (f) is the real part of the Fourier Transform of
x(t), and the function Y *( f) is the complex part of the Fourier
Transform of y(t). The phase separation of the two receivers in
radians is computed from the real and imaginary parts of the
cross power spectra:

(2)
The wavelength, λ, of the frequency dependent phase is
computed as :
λ = 2πd/Φ
given that the pair of sensors is a distance d apart.
velocity VR is given by

(3)
The phase

Figure 4. Configuration of the USGS surface wave testing
system at a site in Fengnan district composed of 1-Hz sensors
and a 100 kg electro-mechanical shaker.

Computing the average dispersion curve for a site requires that
we collect a suite of individual data sets that relate Rayleigh
wave phase velocities to their corresponding frequencies and
wavelengths. Regardless of the array dimensions, we routinely
compute phase velocities for phase angles between 120 degrees
and 1080 degrees, corresponding to wavelengths of 3d and d/3
respectively. If the data are noisy, the range is narrowed to 180
degrees and 720 degrees, or 2d and d/2. For example, if the array
separation was 3 meters, velocities are inverted for Rayleigh
wavelengths of 1m-to-9meters.
Longer wavelengths sound
more deeply into the ground and are needed to extend profiles
depths. These long wavelength data are associated with low
frequencies. The averaged dispersion curve from these profiles is
used to invert the velocity structure of the ground.

(4)
By changing receivers spacing and the frequency range of the
impulse, a broad range of dispersion curve can be explored.
The ability to perform near real-time frequency domain
calculations and monitor the progress and quality of the test
allows us to adjust various aspects of the test to optimize the
capture of the phase data. These aspects include the source-wave
generation, frequency step-size between each sine-wave burst,
number of cycles-per-frequency, total frequency range of all the
steps, and receiver spacing.
The shaker-source is arrayed orthogonally to the SASW
seismometer line. The test steps through a suite of frequencies,
and for each frequency phase computations are made. This
method of swept-sine surface wave testing sweeps through a
broad range of low frequencies in order to capture the surface
Paper No. 3.04
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(7)
We chose to compare the dispersion curves of the SASW and
SPAC tests rather than inverted shear wave velocities. In most of
the cases, the dispersion curves have frequency dependent phase
velocity values that are quite similar. The zone of overlapping
frequency between the SASW and SPAC methods is typically
between 3 Hz and 20 Hz. The SPAC method poorly
characterizes the dispersion curve above between 15 and 20 Hz,
whereas, the SASW method needs a large source or several
arrayed sources to get data below 5 Hz in very slow liquefiable
soils due to the long wavelengths and receiver separations needed
to characterize that a slow velocity soil (Figure 6). Our SASW
field tests in Tangshan used only one small vibration source.
Figure 5. A group of eight dispersion curves covering a
frequency range of 3 Hz to 95 Hz meters (Site 183CHN)

SPATIAL AUTOCORRELATION OF MICROTREMORS
The Spatial Autocorrelation, or SPAC, Method was developed
by Aki (1957) and is based on the computation of spatially
averaged coherencies of microtremors that pass through a
circular array of receivers. The assumptions are that isotropic
waves arrive at the site from random directions and that at each
frequency the wave energy propagates with only one velocity.
Phase velocities are computed by averaging the coherency
between multiple observation receivers in different positions on
the edge of a circle of radius r, with reference to the center
receiver. The SPAC system is composed 4 three-component
seismometer and a 12-channel data acquisition system. The
seismometer is a force-balanced accelerometer with a flat
response from 0.01Hz to 80Hz made in Institute of Engineering
Mechanics, China Earthquake Administration.

The advantages of hybridizing active and passive array
techniques are several. As stated above, the harmonic waveactive source SASW method characterizes the upper most
portion of the soil column better than the SPAC method because
the wave generation of the vibrator insures that there will be
measurable phase data at higher frequencies (Figure 6).
However, for low velocity (>200 m/s) sites, the frequencies
required to characterize depths deeper than 25-30 meters require
the capture of long surface wavelength data (>75m) at low
frequencies (<3Hz). Few active source systems are capable of
producing low frequency motions that can send a strong signal
out to receivers spaced in excess of 100-150 meters from the
source. Passive array data is well suited to capture these low
frequency data. Hybridizing the SASW and SPAC tests and
merging the dispersion profiles from both active and passive
array data can produce a continuous dispersion curve that covers
the entire frequency range of interest.

The SPAC method computes the site dispersion curve from the
spatial auto-correlation coefficients of the ambient wave-field.
The spatial auto-correlation coefficient ρ(r,ωο) a function of the
circle radius r and the with angular frequency ω are related to the
Rayleigh wave velocity, c(ωo), by the Bessel function of 0-order
of the 1st-kind:

(5)
The spatially averaged correlation coefficients between the center
seismometer, O(0, 0), and receivers on the circle edge stations
Bi(r,θi) is calculated as:

(6)
By averaging the coherencies for all geophone pairs in the array
that are equidistant from the center receiver, an azimuthally
averaged coherency is computed as:
Paper No. 3.04
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Figure 6. Example comparison between the SASW (Blue) and SPAC (Black) results for 3 of the sites in Tangshan City.

BAYESIAN ANALYSIS OF VS-VELOCITIES
For the assessment of liquefaction potential, shear wave
velocities were computed through a comparison of the
theoretical-dispersion curve that provides a best fit with the
experimental dispersion data collected in the field. That is, we
invert shear wave velocity profiles using an inversion code that
hunts for the shear wave velocity profile whose theoretical
dispersion curve is a best-fit with the averaged field dispersion
curve. The term “best-fit” refers to the minimum sum of the
squares of residuals from the differences between the theoretical
and experimental dispersion curves. The inversion algorithm,
WaveEq developed by OYO Corporation (described in Hayashi
and Kayen, 2003) uses an automated-numerical approach that
employs a constrained least squares fit of the theoretical and
experimental dispersion curves.

Figure 7. Shear wave velocity profile and dispersion curve for
Tangshan City Cement Factory at Ma Lu Village.

ANALYSIS OF TANGSHAN LIQUEFACTION SITE
VELOCITIES BY BAYESIAN UPDATING

For the assessment of liquefaction potential, shear wave
velocities were computed through a comparison of the
corresponding theoretical-dispersion curve that provides a best fit
with the experimental dispersion data collected in the field. That
is, we invert shear wave velocity profiles using an inversion code
that hunts for the best-fit shear wave velocity profile whose
theoretical dispersion curve is the closest match with the
averaged field dispersion curve. The term “best-fit” refers to the
minimum sum of the squares of residuals from the differences
between the theoretical and experimental dispersion curves. The
inversion algorithm, WaveEq developed by OYO Corporation
(described in Hayashi and Kayen, 2003) uses an automatednumerical approach that employs a constrained least squares fit
of the theoretical and experimental dispersion curves.
The Tangshan region velocity data and observations of
performance during the 1976 event are being used as part of a
large database for probabilistic assessment of liquefaction by
shear wave velocity. In that analysis Bayesian updating is
used to provide a probabilistic framework within which to
identify a model that best describes the bounding frontier
between regions of high- and low-likelihood of liquefaction
occurrence. The curves in this bounding region express
degree-of-belief that initial triggering of liquefaction has, or
will, occur. The model for seismic soil liquefaction is
formulated in a traditional manner that limit-state models are
formulated for single-component structural reliability
problems: That is, capacity minus load. An example of one of
the limit-state models we are testing is presented in equation
8.
gVs1=Vs1(1+Θ1FC)+ Θ2FC-Θ3ln(CSR)-Θ4ln(Mw)Θ5ln(σ’v)+ Θ6+ε

(8)

where Vs1 is effective stress normalized shear wave velocity;
FC is fines content (est. from other tests); CSR is earthquake-
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induced cyclic stress ratio; Mw is moment magnitude; σ’v is
effective stress; and Θ6 is the standard normal variate for an
unbiased model, and ε is the model error term. We formulate
a limit state model with positive-capacity and negative-load
terms and solve, through iterative Bayesian updating, for the
best-fit model parameter, Θ ‘s, that minimize the model error
term, ε . The generalized model is a limit-state expression of
strengths minus stresses. When the model tips into negative
terrain, we have some degree-of belief that failure has, or will,
occur. The Bayesian updating process used to solve for the
model parameter, Θ‘s, and model error term, ε, involves
selecting the critical liquefaction evaluation layer from the
shear wave velocity logs and then computing the mean and
variances for each model parameter [Moss et al. 2006, Cetin et
al. 2004]. For our data set, critical layers are selected from
adjacent SPT or CPT logs using the NCEER-workshop
guidelines [Youd et al., 2001]. To do this, we have tried to
collect our new data set at sites already tested by penetration
testing and where fines content information is available
(Kayen et al., 2004).
Each variable in the limit-state function (CSR, Vs1, etc.) is
assessed for their distribution statistics. At each site, the mean
and coefficient of variation (c.o.v.) are determined for the
variables needed to compute cyclic stress ratio (CSR) and
effective stress normalized shear wave velocity Vs1. The CSR
variable is computed from a composite suite of independent
variable each having independent distributions.
The
composite c.o.v. for CSR is estimated using a first-order
Taylor series expansion about the mean.
Bayesian updating involves forming an experimental
likelihood function, selecting a non-informative prior
distribution, calculating a normalizing constant, and then
processing through the posterior statistics [Moss et al. 2006,
Cetin et al. 2004] (equation 9). Starting with a noninformative prior distribution allows for the computation of an
unbiased posterior distribution [Box and Tao, 1992]. The
experimental process of Bayesian updating is a search for the
optimal likelihood function that minimizes model error.
ƒ(Θ) = c • L(Θ) • p(Θ)

(9)

Equation 9 presents Bayes rule, where ƒ(Θ) is the posterior
distribution; c is the normalizing constant; L(Θ) is the
likelihood function; and p(Θ) is the non-informative prior
distribution.
The likelihood function for liquefaction triggering is the
product of the probabilities of observing k liquefied sites and
n-k non-liquefied sites (equation 10), where Θv are the model
variables and Θm are the model parameters.
(10).
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Figure 8. Tangshan region liquefaction data plotted against
probabilistic liquefaction triggering contours for the global
Vs1 data set. processed to date. PL is the probability (degreeof-belief) that liquefaction has occurred.
Combining the uncertainties from the variables and model
error term into a cumulative error term, σΣ, the likelihood
function can be written in the form of equation 11, where Φ is
the standard normal cumulative distribution function.
(11).
The equal probability contours for Vs1 are presented in Figure
8 for 5%, 50% and 95% likelihood of liquefaction occurrence
for the entire the global dataset of liquefaction points after
Kayen et al, 2004). These contours are generated by a mean
value-first order-second moment (MVFOSM) estimation of
the failure surface, and will be assessed for quality using
higher order first- and second-order reliability methods
(FORM and SORM) and Monte Carlo simulation.
The 26 test sites in Tangshan are segregated into liquefaction
and non-liquefaction points based on observation after the
earthquake. In Figure 8 these points are plotted against the
global probabilistic curves for liquefaction occurrence, in
which 3 points fall within the 5%-95% boundary curves and
all the remaining sites clearly segregate outside the curves.
The Tangshan data are highly informative at CSR values
above 0.3.
For the development of the liquefaction
correlation curves in Figure 8, the higher CSR data sites are
particularly important in that previous correlation curves have
had nearly no data near the correlation boundary above a
CSR value of 0.35. For this reason, the Tangshan data are
important historical sites in the global liquefaction data
catalogue.

CONCLUSIONS
This paper presents results of a surface wave investigation of
Tangshan earthquake sites effected by the 1976 M7.8
earthquake. We revisited 26 sites and gathered Rayleigh wave
dispersion data by the spectral analysis of surface waves (SASW)
method and the passive array Spatial Auto-Correlation method
(SPAC). Where the dispersive properties of the liquefied ground
overlap by these two methods they are almost identical, though

6

the SASW data better characterized the 5-50 Hz range, and the
SPAC data better captured lower frequency data of 2-5 Hz.
These tests are hybridized and the data sets merged to invert of
shear wave velocities for analysis of liquefaction potential using
a probabilistic framework. The data from high-values of seismic
intensity near Tangshan city to low-intensities distant of the event
in Luannan County segregate out into clusters of liquefied and
non liquefied points clearly separated by liquefaction boundary
curves developed from a large global data set of 310 sites.
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